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Abstract  
Calcined hydrotalcite with or without added metal (Mg(Al)O, Pt/Mg(Al)O and Pt,Sn/Mg(Al)O) have been investigated with in situ X-ray Photo-
electron Spectroscopy (XPS) during ethane dehydrogenation experiments. The temperature in the analysis chamber was 450ºC and the gas pres-
sure was in the range 0.3 – 1 mbar. Depth profiling of calcined hydrotalcite and platinum catalysts under reaction, oxidation and in hydrogen-
water mixture was performed by varying the photon energy, covering an analysis depth of 10-21 Å. It was observed that the Mg/Al ratio in the 
Mg(Al)O crystallites does not vary significantly in the analysis depth range studied. This result indicates that Mg and Al are homogeneously 
distributed in the Mg(Al)O crystallites. Catalytic tests have shown that the initial activity of a Pt,Sn/Mg(Al)O catalyst increases during an activa-
tion period consisting of several cycles of reduction - dehydrogenation - oxidation.  The Sn/Mg ratio in a Pt,Sn/Mg(Al)O catalyst was followed 
during several such cycles, and was found  to increase during the activation period, probably due to a process where tin spreads over the carrier 
material and covers an increasing fraction of the Mg(Al)O surface. The results further indicate that spreading of tin occurs under reduction condi-
tions. 
A PtSn2 alloy was studied separately. The surface of the alloy was enriched in Sn during reduction and reaction conditions at 450°C. Binding 
energies were determined and indicated that Sn on the particle surface is predominantly in an oxidized state under reaction conditions, while Pt 
and a fraction of Sn is present as a reduced Pt-Sn alloy. 
 
Keywords: X-ray photoelectron spectroscopy, catalysis, platinum, tin, alkanes, alkenes  
 
 
1. Introduction  
 
Light alkenes are important base chemicals for the 
chemical industry. Catalytic dehydrogenation of light al-
kanes is believed to be a potentially important route to se-
lective production of high purity alkenes. Two classes of 
catalysts are used in commercial dehydrogenation proc-
esses, supported platinum-tin catalysts and chromium oxide 
supported on alumina [1]. The alkane dehydrogenation 
reaction is strongly endothermic. In Cr-based processes, 
heat is supplied by burning off coke deposits from the cata-
lyst in either a fixed bed rector with alternate feed (Catofin) 
or in a continuously regenerated fluid bed reactor (FBD-4). 
In Pt-based processes, heat is supplied by external heating 
of either a tubular fixed bed (STAR) or an adiabatic mov-
ing-bed reactor (Oleflex) [1]. Pt-based catalysts have sev-
eral advantages compared to Cr-based catalysts: First, they 
may be used in steam-containing atmospheres, such as 
under autothermal dehydrogenation conditions [2,3]. Sec-
ond, they are fairly stable even at temperatures ≥600ºC, 
which are necessary to overcome the unfavourable Gibbs 
free energy of the ethane dehydrogenation reaction [3,4]. In 
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this paper we study Pt(Sn)/Mg(Al)O ethane dehydrogena-
tion catalysts.  
Hydrotalcites and hydrotalcite-like materials, gener-
ally denoted M2+xM3+2(OH-)2(x+2)(CO32-)·yH2O, with M2+ 
and M3+ representing bi- and trivalent metal cations, re-
spectively, and x is typically 6-10, are basic materials with 
many known applications [5]. After calcination at 400°C or 
higher, the layered hydrotalcite structure collapses and a 
metastable mixed oxide phase, M2+(M3+)O, is formed. Af-
ter prolonged use or calcination at higher temperatures, 
segregation into the thermodynamically stable oxide 
phases, M2+M3+2O4 and M2+O, occurs [6]. 
Mg(Al)O, prepared via the corresponding hydrotal-
cite phase, possesses excellent properties as support mate-
rial for metal-based catalysts [5,6-10]. The support material 
is particularly suited for applications in an intermediate 
temperature range (≤ 600°C), where it has been shown to 
maintain a high surface area (above 100 m2/g) even after 14 
days in a steam-rich atmosphere [11]. Propane dehydroge-
nation to propene is one reaction for which the intermediate 
temperature range is particularly suited, and 
Pt,Sn/Mg(Al)O has been shown to possess superior activity 
and stability for this reaction compared to conventional 
Pt,Sn/Al2O3 catalysts [7]. 
The aim of the present study is to characterise 
Pt,Sn/Mg(Al)O during use as an ethane dehydrogenation 
catalyst, in order to improve the fundamental understanding 
of this complex catalytic system. In situ X-ray Photoelec-
tron Spectroscopy (XPS) was chosen as the main charac-
terisation method. Two features were chosen for further 
elucidation:  
1. Several literature reports have concluded that the 
surface of the Mg(Al)O mixed oxide phase is enriched in 
aluminium [12-14]. Such enrichment is intuitively appeal-
ing, and has great impact on e.g. modelling of catalytic 
reaction cycles which involve the support surface. One 
example is dry reforming of propane to synthesis gas, 
where the Mg(Al)O surface has been shown to activate 
CO2 [10]. The unique possibility of tuning the photon en-
ergy in synchrothron-based XPS makes it suitable for depth 
profiling of irregular powder surfaces such as the Mg(Al)O 
multicrystallites under reaction conditions [15]. In this 
work, photon energy variation was used to obtain unprece-
dented insight into the distribution of Mg and Al in 
Mg(Al)O. 
2. Pt-Sn catalysts are subject of numerous articles in 
the open literature. Most studies report advantageous ef-
fects of promoting Pt catalysts with Sn: Tin promotion 
improves catalytic activity, dehydrogenation selectivity, 
prevents Pt sintering, and decreases deactivation due to 
coke formation (see e.g. [4,16-23] and ref.s therein). There 
is controversy in literature about the oxidation state of Sn, 
and an effect of the support material, Pt-to-Sn ratio and 
preparation method is suggested [17,19,21,24]. 
Only a few reports in the open literature have been 
devoted to the system under study; Pt,Sn/Mg(Al)O 
[4,7,15,16,25,26]. The activity pattern of a proprietary 
0.25wt%Pt,0.5wt%Sn/Mg(Al)O catalyst is quite peculiar, 
in that the initial activity increases during repeated dehy-
drogenation-regeneration cycles [15]. This activity increase 
makes the system particularly suited for elucidating infor-
mation on the active state of the catalyst, using in situ 
methods. Previous studies using ex situ TEM indicated that 
the metal particles are enriched in Pt during reduction, most 
particles containing 60-90wt% Pt [4,16]. CO adsorption 
measurements suggested an electronic interaction between 
the support material and the metal particles, leading to less 
CO adsorption on Pt,Sn/Mg(Al)O than expected from ac-
tivity measurements of Pt,Sn/Mg(Al)O and Pt,Sn/Al2O3 
[15,16]. In the present study, in situ XPS was used to obtain 
real-time information about the distribution of Sn in the 
catalyst, by following the Sn/Mg ratio with time on stream 
during repeated dehydrogenation-regeneration cycles. In 
order to enhance the detectability of Sn, a catalyst enriched 
in Pt and Sn (compared to the proprietary catalyst) was 
used for these measurements. Catalytic testing confirmed 
that the model catalyst follows the same activation pattern 
as the proprietary catalyst (vide ultra). The present study is 
complementary to the previous TEM work: While metallic 
Sn is almost indistinguishable from the Mg(Al)O support in 
TEM, no overlap between Sn peaks and the peaks of the 
support material exist for the XPS technique. On the other 
hand, while Pt is easily detected by TEM, in XPS there is 
an overlap between the main Pt peak (4f) and Al 2p, ren-
dering it difficult to study Pt on Mg(Al)O supports by XPS. 
In order to overcome the problem with overlap of Pt 4f and 
Al 2p peaks in XPS, supplementary information about 
Pt,Sn surface ratios and Pt,Sn oxidation states during a 
reduction-dehydrogenation cycle was obtained by perform-
ing in situ XPS studies of a pure PtSn2 alloy.  
To our knowledge, this is the first report where a 
supported Pt,Sn catalyst has been followed by in situ meth-





2.1. Sample preparation and characterization 
 
The carrier material Mg(Al)O with a Mg/Al ratio of 
4.8 was synthesised via the corresponding hydrotalcite 
phase, using a standard co-precipitation method as de-
scribed in reference [15]. After drying, the obtained 
Mg9.6Al2(OH)19.2CO3·xH2O phase was calcined at 600ºC in 
air for approximately 15 h to yield the final Mg(Al)O 
phase. 
Pt/Mg(Al)O catalysts were prepared by impregnation 
of Pt onto the uncalcined carrier material from an excess 
solution of hexachloroplatinic acid (H2PtCl6·4H2O) in wa-
ter (sample Pt-1) or ethanol (sample Pt-2) under a He at-
mosphere. H2PtCl6·4H2O (0.0776 g) was dissolved in ion 
exchanged water or 96% ethanol (30 mL). The hydrotalcite 
(1.00 g) was added to the salt solution under stirring. After 
30 minutes, the slurry was filtered and the solid material 
washed with the solvent 3 times (approximately 30 mL), 
dried at 100ºC and finally calcined in air at 600ºC for ap-
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proximately 15 h. The Pt content of the Pt/Mg(Al)O cata-
lysts was determined by ICP analysis. The numbers given 
in the text refer to the calcined sample. 
The active metals in Pt,Sn/Mg(Al)O were deposited 
onto the uncalcined hydrotalcite (HTC) by impregnation 
from aqueous solution as described in reference [15]. The 
sample was calcined at 800ºC in air for 5 hours. Impregna-
tion of an uncalcined HTC was chosen because previous 
work has indicated that this method yields a more stable 
dehydrogenation catalyst than impregnation of a precal-
cined HTC [15]. Previous studies further showed that by 
this preparation method, Pt(Sn) complexes are deposited by 
physisorption at protonated sites on the carrier material. 
After calcination, CO2 adsorption, followed by Tempera-
ture-Programmed Desorption (TPD) experiments, showed 
that the final metal clusters cover the most basic sites of the 
support material, i.e. steps and corners [16,27]. The Pt(Sn) 
clusters are likely to be distributed at step and corner sites 
at the outer surface as well as in the catalyst pores. How-
ever, since the XPS analysis depth is typically below 20 Å, 
i.e.; less than one support crystallite diameter (vide infra), 
while the XPS signal is collected from a surface of 
100×800 microns, the XPS results reported below are 
clearly dominated by metal clusters at the outer surface. 
PtSn2 alloy was prepared by weighing in the appro-
priate amounts of pure Pt and Sn metal, transferring the 
materials to a quartz vessel under inert atmosphere, then 
sealing and heating to 730°C, maintaining this temperature 
for 1 week. The quartz vessel was then opened under an 
inert atmosphere, and the Pt-Sn material was crushed and 
returned to the vessel, which was sealed and left for one 
more week at 730°C. The alloy was stored in the sealed 
quartz vessel under until opening it for the XPS analysis. 
The phase purity of the alloy was confirmed by XRD 
analysis. 
The calcined hydrotalcite-based samples were char-
acterized by using Transmission Electron Microscopy 
(TEM) and Brunauer, Emmett and Teller (BET) surface 
area measurements. A partially reconstructed (due to pro-
longed storage in air) sample was characterized by tem-
perature resolved X-ray diffraction (XRD). All 
characterization was performed on powdered samples. 
The temperature programmed X-ray diffraction 
analyses were recorded with a Siemens D500 diffractome-
ter using Cu Kα radiation. The instrument was equipped 
with β-filter and Scintallator counter. The sample was 
heated from 25ºC to 450ºC in 25ºC steps in air using a 
Bühler furnace. The BET surface areas of the samples were 
determined by N2 adsorption using a Monosorb instrument 
from Quantachrome. Samples for transmission electron 
microsopy (TEM) were prepared by crushing in ethanol in 
an agate mortar, and subsequently deposited on a carbon 
film suspended on a copper mesh. The samples were then 


















UHV-RT Ambient UHV   
H2-RT Ambient H2  1 
H2 450 H2  1 
Rx 450 H2O : H2 
: C2H6
1 : 1.5 
: 7.5 
0.3 
O2 450 O2  0.3 
H2+H2O 450 H2 : H2O 1 : 1.5 0.25 
 
2.2. In situ X-ray Photoelectron Spectroscopy 
(XPS) 
 
In situ X-ray photoelectron spectroscopy (XPS) was 
conducted in a constant gas flow, at temperatures up to 
450ºC and at total pressures in the sample cell up to 1 mbar. 
A detailed description of the experimental conditions is 
given in Table 1. Before switching the gas atmosphere 
during in situ XPS measurements, the sample chamber was 
evacuated to the base pressure of 2 x 10-8 mbar before a 
different gas mixture was let in. The gas effluent was moni-
tored by an on-line Mass Spectrometer (Pfeiffer Prisma).  
The powder samples were crushed in a mortar and mounted 
from suspension in ethanol on a stainless steel sample 
holder. This mounting procedure was chosen in order to 
reduce charging of the powder during the XPS measure-
ments. The PtSn2 alloy was mounted in one piece between 
two parts of a stainless steel sample holder. 
The experiments were performed at beamline 
UE56/2-PGM2 at the synchrotron source BESSY-II in 
Berlin [28]. The in situ XPS system is a modified standard 
XPS spectrometer [29] which operates analogously to the 
setup described in [30]. The Al 2p, Mg 2p, Sn 3d, Sn 4d, Pt 
4f, C 1s and Fermi edge regions were recorded in our ex-
periments. The incident photon energy was varied in the 
range 340-1040 eV, and full range of kinetic energy was 
used for survey scans. Detailed scans covering narrower 
regions were used to obtain detailed information about e.g. 
the Fermi level and the oxidation state of each element. 
During depth profiling analysis, the photon energy was 
varied in a way that provided similar kinetic energy of the 
photoelectrons for each element at each depth. In addition 
to a uniform information depth, equal kinetic energy of the 
photoelectrons provided a constant analyzer transmission 
function contribution and a constant gas phase scattering 
contribution. The inelastic mean free path (IMFP) was cal-
culated using the NIST software [31] based on reference 
[32] for the supported samples, and based on a predictive 
formula (TPP-2M) from reference [33] for the alloy. The 
IMFP in MgO was used to estimate the IMFP in the 
Mg(Al)O samples since calcined Mg(Al)O has an MgO-
like structure. The difference in the calculated IMFP values 
of MgO and Al2O3 is below 10%, which is assumed to be 
within the uncertainty of the calculated IMFP. Also, the 
IMFP in the Mg(Al)O could be expected to be somewhat 
higher than the IMFP in MgO because of more insulating 
nature of Mg(Al)O. Table 2 shows core levels and photon 
energies used in the experiments, as well as the calculated 
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Table 2: Core levels and photon energies used in the experiments, as well as the calculated analysis depth (i.e. inelastic mean free path) for each 
element 
















































































*According to the universal curve presented in reference [62] 
 
 
Table 3: Fitting parameters of the Sn peaks in PtSn2 alloy 






% Lorentzian FWHM [eV] Component sepa-
ration [eV] 









Sn 4d5/2  25.9±0.1 GL 50 1.35±0.1 
1.9±0.1* 
Sn 4d5/2  24.5±0.2 GL 50 0.8±0.2 
 
1.4±0.1 
*Higher FWHM was used for the peaks measured at room temperature because of observed decrease of peak width upon heating. The peak 
broadning at room temperature can be due to charging of carbon and other impurities, as well as of the oxide layer on the surface of the alloy. 
 
 




2.3. Peak analysis 
 
The peak profile of the Sn peaks in the PtSn2 alloy, 
and changes in the Sn peak shapes during measurements, 
suggested the presence of two oxidation states of Sn in the 
alloy. The Sn 3d5/2 peak and Sn 4d doublet were therefore 
deconvoluted by Gaussian-Lorentzian curves to fit two 
oxidation states. The fitting parameters are shown in Table 
3. The Sn 4d doublet was fitted with four curves. i.e. a dou-
blet was assigned for each of the two oxidation states. The 
theoretical intensity ratio of 1.5 between the 3/2 and 5/2 
components of the same chemical state was used. The full 
width at half maximum (FWHM) of the Sn 4d3/2 and 4d5/2 
components was set to be equal, as observed by Pollak et 
al. [34], and the separation of 1 eV was used [35,36]. 
It should be noted that the experimental intensity ra-
tio of the components in the spin-orbit doublet can deviate 
from the theoretical value, and a value of 1.3 has been re-
ported for the Sn 4d doublet [34]. A deviation in intensity 
ratio of the peaks in the spin-orbit doublet used in the de
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Table 4: The Mg/Al ratio, Pt and Sn content, BET surface areas and calculated crystallite sizes for the five samples studied 
Sample label Sample Mg/Al 
[atomic ra-
tio] 





HT Mg(Al)O 4.8 0 0 143 117 
Pt-1 Pt/Mg(Al)O-1 4.8 2.9 0 - - 
Pt-2 Pt/Mg(Al)O-2 4.8 7.9 0 - - 
Pt,Sn-1 Pt,Sn/Mg(Al)O 4.8 3.0 7.2 168 99 
PtSn2 PtSn2 alloy - 45.1 54.9 - - 
*The crystallite size (one side length) was calculated from the measured BET surface area assuming cubic particles 
 
 
    
Figure 1: TEM pictures of a) Sample HT and b) Sample Pt-2. 
 
convolution procedure would mean that the absolute ratio 
of the chemical states would not be entirely correct, but the 
relative changes would be valid. In our case, if the intensity 
ratio used in curve fitting is higher than the ratio present in 
the measurements, a systematic error towards higher 
amounts of the chemical state with lower binding energy 
will be present. We chose to use the theoretical value in this 
work because the primary goal is to follow the changes in 
the oxidation states of the metals, not to determine absolute 
ratios.  
Since the binding energy and the peak shape of the Pt 
(4d and 4f) peaks remained unchanged during measure-
ments, indicating unchanged oxidation state of Pt, no de-
convolution of Pt-peaks was performed. 
The Al 2p peak of the support in the Pt-containing 
catalysts overlapped with the Pt 4f dublet. The spectra were 
deconvoluted using peak fitting with three gaussian curves 
of equal FWHM. For each photon energy, the FWHM of 
the Al 2p peak in the Pt-containing samples was estimated 
from the width of the Al 2p peak in the carrier material. 
The theoretical intensity ratio of 1.33, and peak separation 






2.4. Catalytic testing 
 
The in situ XPS cell has a large inner volume com-
pared to the catalytic sample amount, and it is difficult to 
make quantitative measurements of reactant conversion. 
Therefore, additional catalytic tests of the Pt,Sn/Mg(Al)O 
material were carried out in an ordinary test rig under con-
ditions as close as possible to those used in the in situ XPS 
cell. A tubular fixed bed quartz reactor with inner diameter 
16 mm was heated by a tubular furnace. The temperature in 
the catalyst bed was measured by a thermocouple contained 
in a quartz thermocouple well (outer diameter 3 mm) which 
was centred axially inside the reactor. Prior to catalytic 
testing the catalyst was pressed (5 tons) to tablets, then 
crushed and sieved. The sieved catalyst particles (0.6 g, 
0.125 – 0.25 mm particle size, diluted with 2.4 g quartz 
particles of the same size) was tested at atmospheric total 
pressure at 450ºC. The activation procedure consisted of 
cycles of 30 min reduction (3mL/min H2, 450ºC), 2 hour 
ethane dehydrogenation (10.0% C2H6, 1.6% H2, 6.8% CO2, 
5.9% N2 and 75.7% Ar, totally 126 mL/min) and 4 hour 
regeneration by O2 diluted with inert. The oxygen content 
was initially 4 mol% and was increased in 4 steps up to 24 
mol%. The reactor effluent was analysed in a HP Quad 
Micro-GC with 10 m Molsieve-5Å, PoraPlot-U and Alu-
minaPlot columns and Thermal Conductivity detectors. 
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3. Results and discussion 
 
3.1. Sample characterisation 
 
Table 4 shows the Mg/Al ratio, Pt and Sn content, 
and BET surface areas for the four samples studied. All 
samples are prepared from the same support material. The 
crystallite size of the support material was estimated from 
the BET areas, assuming cubic particles, and is also shown 
in Table 4. Transmission Electron Microscopy (TEM) im-
ages were obtained for all samples, and two representative 
images are shown in Figure 1. Thorough investigation of 
the images indicates a Mg(Al)O crystallite diameter of 50-
150 Å, in good agreement with the particle sizes estimated 
from BET areas. 
It is well known that during storage in humid air, the 
Mg(Al)O phase may be partially reconverted to the corre-
sponding hydrotalcite phase (the so-called “memory ef-
fect”) [5,37].  Although the samples used in this study were 
calcined at 600°C shortly before the in situ XPS measure-
ments, a possible partial reformation of a hydrotalcite phase 
before the measurements could not be completely ruled out. 
A calcined Mg(Al)O support material, which had been 
stored in air for several month, was investigated by  in situ 
X-ray diffraction during heating to 450°C (Figure 2). The 
material showed the typical XRD pattern of a hydrotalcite 
phase together with mixed oxide phase at room temperature 
[5], and transition to the Mg(Al)O phase is concluded at 
400°C. This result clearly indicates that possible hydrotal-
cite traces in the sample before measurements would be 
reconverted to Mg(Al)O during heating to the conditions 
used during the in situ XPS measurements at 450°C, i.e.; 
the measurements reported here were performed on a pure 
Mg(Al)O phase. 
 



















Figure 2: Temperature resolved XRD-patterns of a Mg(Al)O sam-
ple after storage in air for several months, during heating to 450ºC 
in air. The reflexes at 2θ = 39.5º and 46.0º are Pt reflexes from the 
Pt sample holder. 
 
Catalytic activity data obtained during ethane dehy-
drogenation experiments over sample Pt,Sn-1 at 450°C in a 
conventional reactor are shown in Figure 3. In the catalytic 
tests, steam in the feed was exchanged with CO2 for techni-
cal reasons. Earlier tests have shown that the activation 
pattern is similar for CO2 and H2O containing feeds. The 
results in Figure 3 clearly show that sample Pt,Sn-1 has the 
same activity pattern as the low-metal loading analogue 
used in a previous study [15]; the initial dehydrogenation 
activity increases from the first to the second and third test-
regeneration cycles, even at 450°C (i.e.; the in situ XPS 
measurement temperature).  
















TOS [min]  
Figure 3: Activation of sample Pt,Sn-1 in a conventional test 
reactor at 450ºC. Reaction conditions: H2:C2H6:CO2:Inert = 
1:6.3:4.3:51, 450ºC, 1 atm, WHSV = 1.6 h-1. 
 
200 400 600 800 1000 1200 1400

































TOS [min]  
Figure 4: Activation of sample Pt,Sn-1 during in situ XPS meas-
urements under reaction conditions at 450ºC. H2:C2H6:H2O = 1 : 
1.5 : 7.5, total pressure 0.3 mbar. Upper curve: [(m/e 28) : (m/e 
30)], representing ethene production. Lower curve: [(m/e 44) : 
(m/e 30)], representing CO2 production. 
 
MS data obtained for the effluent of the in situ XPS 
cell during 3 test cycles of Pt,Sn-1 are shown in Figure 4. 
Characteristic masses of products ethene (m/e 28) and CO2 
(m/e 44) are shown relative to the molecular ion peak of 
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ethane (m/e 30). The results in Figure 4 clearly show that 
Pt,Sn-1 was active for ethane dehydrogenation as well as 
for oxidation by H2O during the in situ XPS measurements. 
Similar results were obtained for PtSn2 alloy and Pt-2, 
while no activity was observed over Pt-1. 
 
 
3.2. XPS data 
 
3.2.1. Depth profiling of Mg and Al. Samples HT, Pt-
1 and Pt-2 
 
Figure 5 shows the Mg/Al or Mg/(Al+Pt) ratios as a 
function of  the analysis depth (10-21 Å) in Samples HT, 
Pt-1 and Pt-2 under different atmospheres, all at 450°C. 
There is no general trend in the Mg/Al(+Pt) ratios observed 
with increasing analysis depth, and the results presented in 
Figure 5 suggest that Mg and Al are evenly distributed 
within the material depths covered by the analyses. The 
experimental error of the calculated ratio is set to 20% (as 
indicated by error bars for one data set), estimated from the 
background subtraction of the Mg and Al peaks. The large 
error in the calculated area ratio arises mostly from the 
uncertainty in background subtraction for the Al peak, due 
to inelastically scattered Mg-electrons in the gas phase of 
the chamber, on top of which the Al peak resides. 




















IMFP [Å]  
Figure 5: Mg/(Al+Pt) atomic ratio in calcined hydrotalcite as 
function of analysis depth. ∀ Sample HT under reaction condi-
tions, ψSample Pt-1 under reaction conditions, − Sample Pt-2 
under reaction conditions 8 Sample Pt-2 under oxidation condi-
tions, Μ Sample Pt-2 in hydrogen-water mixture, all at 450ºC (See 
Table 1 for details). 
 
From BET and TEM measurements presented in 
Figure 1 and Table 4, the crystallite diameter of Mg(Al)O 
used in this study is estimated to 50-150Å. Thus, the high-
est photon energy used, corresponding to an inelastic mean 
free path of 21 Å, covers half the radius of an average 
Mg(Al)O crystallite, and should be representative for the 
bulk composition of the crystallites. In conclusion, the re-
sults strongly suggest that Mg and Al are homogeneously 
distributed throughout the Mg(Al)O crystallites. It has pre-
viously been suggested in literature that the Mg(Al)O sur-
face is enriched in Al [12,14]. It should be noted, however, 
that those results were based on a comparison between ICP 
analysis and XPS data obtained at constant photon energy, 
i.e.; Al Kα radiation at 1487 eV [12]. Although XPS is a 
surface-sensitive technique, the data obtained in the present 
study may indicate that the previously reported deviation 
between XPS and ICP data are related to uncertainties in 
the theoretical photoionisation cross section of the XPS 
peaks, as previously reported for VPO catalysts [38,39]. 
Such deviation is observed also in the present study, 
where the Mg/Al ratio determined by XPS (1.3-3.2) is sig-
nificantly lower than 4.8 determined by ICP analysis (Fig-
ure 5 vs. Table 4). Samples HT and Pt-1 have significantly 
higher Mg/Al ratios compared to sample Pt-2. The reason 
for this could be the higher Pt content in sample Pt-2, 
which contributes to the Al-peak area, giving a lower 
Mg/Al ratio for this sample. Deconvolution of the Al+Pt 
peak (see below) and subtraction of the Pt area gave similar 
Mg/Al ratios to the HT sample (not shown). 
Figure 6 shows the Mg 2p peak fitted with a gaussian 
curve as function of analysis depth in sample HT 
(Mg(Al)O) under reaction conditions at 450°C. Due to 
differential charging of the sample during XPS measure-
ments, the position of the peak maximum has in each case 
been adjusted to an equal value of 50 eV for easier com-
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Figure 6: The Mg 2p peak at analysis depth of a) 10 Å, b) 14 Å, c) 
17 Å and d)  21 Å in calcined hydrotalcite (sample HT) under 
reaction mixture at 450ºC. 
 
The peaks are symmetrical, indicating a constant 
binding energy (BE) with analysis depth; however, the 
FWHM is rather large (appx. 3 eV), and minor changes in 
BE would not be detectable. Figure 7 shows the Mg 2p  
In situ XPS investigation of Pt(Sn)/Mg(Al)O catalysts during ethane dehydrogenation experiments A. Virnovskaia.et al., Surf. Sci., 601 (2007) 30-43   
 
 

















54 52 50 48 46 44
Binding Energy [eV]
 
Figure 7.: The Mg 2p peak  in samples Pt-2, HT and Pt-1 at 10 Å 
analysis depth. a) Pt-2 in reaction mixture, b) Pt-2 in oxygen, c) Pt-
2 in hydrogen-steam mixture, d) HT in reaction mixture, e) Pt-1 in 
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Figure 8: Al 2p peak at analysis depths of a) 10 Å, b) 14 Å, c) 17 
Å and d) 21 Å in sample HT under reaction conditions. 
 
peak for samples HT, Pt-1 and Pt-2 at 10 Å analysis depth 
under reaction conditions, as well as sample Pt-2 under 
different gas atmospheres, all at 10 Å analysis depth. A 
gaussian peak profile shape is also shown. A comparison of 
peak shapes shows the appearance of a slight asymmetry in 
the Pt containing samples. Further, it is observed that the 
asymmetry varies slightly with gas composition for Pt-2. 
Pt, Al or O do not have binding energies in the 46-54 eV 
range, so the asymmetry cannot be due to overlap with XPS 
peaks of other elements. Further, Mg is very stable in the 
+2 oxidation state, and a shoulder towards lower binding 
energy under oxidative conditions is not likely. Another 
possible explanation for the peak broadening is overlap 
with Auger peaks. However, varying the photon energy 
(not shown) did not lead to changes in the peak broadening, 
and this explanation was therefore ruled out. In conclusion, 
the irregular Mg 2p peak shape of Pt-containing samples is 
probably due to differential charging of the samples. Figure 
8 shows the Al 2p peak observed for sample HT at different 
analysis depths under reaction conditions. As for the Mg 2p 
peak, it is observed that the Al 2p peak is symmetrical and 
similar at all analysis depths for sample HT. 
Figure 9 and Figure 10 show the Al 2p peak together 
with the Pt 4f dublet in sample Pt-2 under reaction condi-
tions at different analysis depths, and in samples Pt-2 and 
Pt-1 in different gas compositions at 10 Å analysis depth. 
The experimental peaks are clearly not symmetrical, and 
peak deconvolution was carried out. The results shown are 
representative of all obtained results: When referenced to 
the Al 2p peak at 74.3 eV, a typical binding energy of the 
Al3+ state in aluminium oxides [40,41], the binding energy 
of Pt 4f 7/2 falls in the region 70.8 – 72.4 eV in all meas-
urements. These BE values indicate the presence of large 
amounts of reduced Pt under all conditions, in agreement 
with thermodynamic calculations (using thermodynamic 
data from ref. [42]), which indicated that Pt is fully reduced 
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Figure 9: Al 2p peak together with Pt 4f dublet in the sample Pt-2 
under reaction conditions at analysis depths of a) 10 Å, b) 14 Å, c) 




In situ XPS investigation of Pt(Sn)/Mg(Al)O catalysts during ethane dehydrogenation experiments A. Virnovskaia.et al., Surf. Sci., 601 (2007) 30-43   
 
 

















78 76 74 72 70 68
Binding Energy [eV]
 
Figure 10: Al 2p peak together with Pt 4f dublet in the samples Pt-
2 and Pt-1 at 10 Å analysis depth. a) Pt-2 in reaction mixture, b) 
Pt-2 in oxygen, c) Pt-2 in hydrogen-steam mixture and d) Pt-1 in 
reaction mixture, all at 450ºC. 
 
 
3.2.2. Sn/Mg ratio. Sample Pt,Sn-1 
 
Sn/Mg atomic ratios measured during three subse-
quent ethane dehydrogenation test-regeneration cycles and 
at two analysis depths are shown in Figure 11.  
The sample was moved twice during the measure-
ment sequence, i.e.; at 7.5 h and 21 h on-stream, because of 
differential charging of the sample. The homogeneity of the 
sample was tested at three areas after completing the se-
quence, and the measurements indicate that some inho-
mogeneity may occur (the highest measured Sn/Mg 
difference was 25% relative). This means that caution must 
be shown when comparing the Sn/Mg ratios obtained be-
fore and after moving the sample. With this in mind, three 
distinct features are apparent from Figure 11: First, the 
Sn/Mg ratio is highest closer to the sample surface. This 
result indicates that tin is mainly located on the outer sur-
face of the sample, as expected when using the impregna-
tion technique. Second, the Sn/Mg ratio on the surface 
relative to the Sn/Mg ratio deeper into the sample does not 
change significantly (average value 1.8±0.3) with time on 
stream (TOS). This observation indicates that tin does not 
diffuse into the material with time, but stays on the outer 
surface. Third, it is interesting to observe that the Sn/Mg 
ratio measured at each set of gas compositions increases 
with increasing time on stream (TOS). Together, these 
observations indicate that tin is initially located in defined 
clusters on the sample surface. With time on stream, tin 
gradually spreads from the clusters, covering an increasing 
fraction of the Mg(Al)O surface. Thorough investigation of 
Figure 11 reveals that for each test-regeneration cycle, an 
increase in the Sn/Mg ratio is observed from reduction to 
reaction conditions, while it is either quite stable or de-
creases between the other conditions. Since each measure-
ment was performed soon after switching conditions, this 
observation suggests that spreading of tin takes place pre-
dominantly under reduction conditions. 
Bednarova et al. have reported that Pt,Sn particles on 
Pt,Sn/Mg(Al)O and Pt,Sn/Al2O3 catalysts were enriched in 
Pt after reduction at 600°C, based on TEM analysis [16]. In 
addition to confirming their findings, our results point to 
the placement of Sn at the outer surface of the carrier mate-
rial after diffusion from the Pt,Sn particles, and to the diffu-
sion proceeding predominantly during reduction treatment. 
It has previously been reported that tin may be present on 

















































































Figure 11: Sn/Mg atomic ratio in sample Pt,Sn-1 at 10 Å (grey 
bars) and 14 Å (black bars) analysis depth. 
 
 
The Sn 3d doublet scanned at two analysis depths 
and in different gas mixtures is shown in Figure 12. There 
is no sign of asymmetry of the Sn peaks, and the peaks can 
be fitted well with one Gaussian curve. Because of similar 
chemical shifts of the Sn2+ and Sn4+ peaks, it is not possible 
to distinguish between these two oxidation states of tin by 
examining the shape of the peaks [45]. However, it would 
be possible to see changes in the peak shape if the oxida-
tion state of Sn would change between Sn2+/4+ and Sn0, as 
the chemical shift of Sn 3d in tin oxides compared to pure 
tin is usually reported to be in the region of 1.5-1.8 eV [45-
47]. A larger separation between oxidised and metallic tin 
has been observed in supported Pt-Sn catalysts. De Miguel 
et al. [48] observed a separation of approximately 3 eV in 
alumina and K-doped alumina supported catalysts, and a 
separation of 2.3 eV in Pt,Sn/MgO. 
Several ESCA studies performed on Pt-Sn catalysts 
supported on alumina have observations similar to ours, 
that the shape of Sn 3d dublet indicates the presence of one 
oxidation state only. Because of easier referencing in 
ESCA technique, from the binding energy of the Sn 3d5/2  
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Figure 12: Sn 3d doublet in sample Pt,Sn-1 at two analysis depths 
and in different gas mixtures, a) 10 Å, H2, room temperature b) 10 
Å, O2, 450ºC c) 10 Å, H2 450ºC, d) 10 Å, reaction mixture,  450ºC 
e) 14 Å, reaction mixture 450ºC. 
 
peak studies conclude that the lowest oxidation state of tin 
present on alumina is Sn2+ [46,47,49]. Our observations of 
Sn supported on mixed oxide correlate well with the men-
tioned observations of Sn supported on alumina, as no 
change in the oxidation state of Sn is visible. These obser-
vations may suggest that within the spectral resolution, Sn 
on the catalyst surface is in an oxidized state under all con-
ditions. This conclusion is further supported by the meas-
urements performed on the PtSn2 alloy, presented below. It 
should be noted that, although the Sn 3d dublet of 
Pt,Sn/Mg(Al)O is symmetrical and can be fitted with one 
Gaussian curve, a second component with low but not zero 
intensity could be present, without introducing visual 
changes in the shape of the overall peak. With an average 
FWHM of the Sn 3d5/2 peak of 2.6 eV and an average sepa-
ration between the peaks of Sn2+/4+ and Sn0 states, we esti-
mate the intensity of a possible second component to be 
within 15% of the overall peak intensity, as also estimated 
by Adkins and Davis in [49].  
The Mg/(Al+Pt) ratio of sample Pt,Sn-1 was meas-
ured at two analysis depths during the same activation se-
quence, and is shown in Figure 13. The Mg/(Al+Pt) ratio 
decreases slightly with time on stream, suggesting that the 
Pt distribution is unchanged or increases slightly through-
out the sequence. This result is in disagreement with results 
reported previously based on TEM analysis, that Pt sinters 
during testing of a Pt,Sn/Mg(Al)O catalyst [16]. A possible 
reason for the discrepancy is the higher temperature used in 
their case (600 vs. 450°C), as well as the low visibility of 
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Figure 13: Mg/(Al+Pt) atomic ratio in sample Pt,Sn-1 at 10 Å (∀) 
and 14 Å (−) analysis depth. 
 
 
The uncertainty from the background subtraction is 
in this case estimated to be 10%. The reason for the lower 
uncertainty compared to the HT and Pt-1 and Pt-2 samples 
is better quality of the detail-scans with wider regions in 




3.2.3. Pt/Sn ratio and oxidation state. PtSn2 alloy 
 
Figure 14 shows the Pt/Sn ratio in PtSn2 alloy at two 
analysis depths as a function of analysis conditions and 
time on stream (TOS). Two distinct features are apparent: 
First, the Pt/Sn ratio decreases upon heating from room 
temperature to 450ºC and upon switching from H2 to reac-
tion mixture at 450ºC. Second, a higher Pt/Sn ratio is ob-
served at greater depth under reduction and reaction 
conditions. The result is in agreement with previous litera-
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Figure 14: Pt/Sn atomic ratio in PtSn2 alloy under different condi-
tions (see Table 1 for details) and at two analysis depths: 8 Å 
(squared bars) and 15 Å (white bars). 
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Table 5: Area ratios of different oxidation states of Sn in PtSn2 alloy 


















UHV Amb. 72 28 83 17 -* - 
H2 Amb. 73 27 84 16 - - 
H2 450 83 17 83 17 65 35 
H2O : H2 : 
C2H6
450 93 7 98 2 93 7 
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Figure 15: Deconvolution of Sn 3d peak in PtSn2 alloy at 8 Å 
analysis depth under following conditions: a) in UHV at RT, b) in 
H2 at RT, c) in H2 at 450ºC and d) in reaction mixture at 450ºC. 
 
 
alloys and supported Pt-Sn particles is enriched in Sn after 
reduction at 500-600°C, probably due to the lower surface 
energy of Sn compared to Pt [43,50,51]. Bouwman et al. 
[50] further reported that the oxidation of the annealed 
surface of the PtSn and Pt3Sn alloys caused a further en-
richment of the surface with Sn. This observation indicates 
that Sn diffuses towards the surface of the alloy under all 
tested conditions. 
For PtSn2 alloy the differential charging problem was 
avoided, and the binding energies of Pt and Sn could be 
measured during use. The position of the Sn 3d and 4d 
peaks was calibrated from the corresponding Fermi edge 
specta. The detailed peak analysis procedure is described in 
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Figure 16: Deconvolution of Sn 4d peak in PtSn2 alloy at 8 Å 
analysis depth under following conditions: a) in UHV at RT, b) in 
H2 at RT, c) in H2 at 450ºC and d) in reaction mixture at 450ºC. 
 
 
Area ratios resulting from curve fitting of Sn 3d and 
Sn 4d peaks are shown in Table 5. The deconvolution of 
the peaks into two oxidation states is shown in the Figure 
15 to Figure 17. The binding energies of the two Sn 3d 
components observed are 485.3 eV and 486.6 eV. The 
binding energy of the 3d peak of oxidised tin (Sn2+ and 
Sn4+) in tin oxides is usually reported in the region 486 – 
487 eV [40,45,49]. The component with the binding energy 
of 486.6 eV can therefore be characterised as tin present as 
tin oxide. The component at 485.3 eV has a slightly higher 
binding energy than Sn 3d in metallic state, which has a 
binding energy of 484.9 eV [35,36,52]. In a study of oxida-
tion of ordered Pt-Sn surface alloys Jerdev and Koel [52] 
attributed a peak at a BE of 485.5 eV to “quasimetallic” Sn, 
a state resembling O-Sn chemisorption state. Bouwman and  
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Figure 17: Deconvolution of Sn 4d peak in PtSn2 alloy at 15 Å 
analysis depth under following conditions: a) in H2 at 450ºC and b) 
in reaction mixture at 450ºC. 
 
Biloen [53] observed a Sn 3d5/2 binding energy of 485.5 eV 
in reduced PtSn alloy, close to the low binding energy 
component observed in our work. 
The Sn 4d peak was also resolved to two oxidation 
states with average binding energies for 4d5/2 of 25.9 and 
24.5 eV. This corresponds well with the oxidation states 
found from the deconvolution of the Sn 3d peak, since Sn 
4d of metallic tin has a binding energy of 23.9 eV [35,36]. 
In conclusion, the results obtained in this study indicate that 
Sn is predominantly in an oxidized state (Sn2+ or Sn4+) at 
the surface of Pt-Sn particles, while the remainder of Sn in 
the outer layers is alloyed with Pt. 
In addition to showing that the major part of Sn on 
the surface of the PtSn2 alloy is in an oxidised state under 
all tested conditions, the data in Table 5 and Figure 15 to 
Figure 17 indicate that under reduction conditions, the 
amount of reduced Sn is higher at 15 Å analysis depth than 
at 8 Å analysis depth. When going from reduction to reac-
tion conditions, the amount of reduced Sn decreases to 
below 10% at both analysis depths.  
The shape and positions of Pt 4f peaks measured at 
15 Å analysis depth did not change when switching from 
hydrogen to reaction mixture within the experimental error 
(which is in this case estimated to ±0.2eV from the FE 
calibration). The BE of the Pt 4f peak at 15 Å is 72.0 eV. 
This binding energy is somewhat higher than reported for 
Pt 4f7/2 in metallic Pt (71.2 eV) [35]. A Pt 4f7/2 binding 
energy in reduced PtSn alloy of 72.0 eV is reported in [53], 
who further reported a BE of 71.8 eV for Pt 4f7/2 in re-
duced, metallic Pt. It has been observed previously that tin 
induces a shift of the Pt 4f7/2 core level to higher BE com-
pared to pure Pt [54].  A shift of the Pt 4f peak to higher BE 
has also been reported in Co-Pt alloys [55] and upon addi-
tion of Sn to Ni-Nb-Sn-Pt alloys [56]. The shape of Pt 4f 
peaks at 8 Å analysis depth is the same as for the peaks at 
15 Å analysis depth. The peak shape of the Pt-peak at 8 Å 
is also the same under all conditions, except for a decrease 
in peak width when heating the sample. Because of a fea-
ture rich FE at 390 eV photon energy, the energy calibra-
tion was more uncertain for these peaks, but the same BE 
as for the 15 Å peaks is expected (approximately 71.7±0.4). 
In conclusion, the results obtained in our study indicate that 
Pt close to the sample surface is alloyed with Sn. 
The results observed for the PtSn2 alloy are in 
agreement with thermodynamic calculations (using ther-
modynamic data from ref. [42]), which indicated that Pt is 
fully reduced even under reaction and oxidation conditions 
at 450°C, while Sn is oxidized (preferably as Sn4+) under 
reaction conditions, and SnO2 even has a positive Gibbs 
energy of reduction in a H2 atmosphere, at 450°C. On the 
other hand, the reaction:  
SnO2 + Sn = 2 SnO  
has a Gibbs free energy of +6 kJ/mol at 450°C, and is not 
favourable. This result indicates that Sn which migrates to 
the particle surface under reduction conditions at 450°C 
will remain in a reduced state. While PtSn2 alloy has a 
melting point of 745°C, Sn(0) melts already at 232°C; well 
below the temperature of reduction and reaction (450°C) 
[57]. The presence of highly mobile, melted Sn(0) near the 
particle surface under reduction conditions could explain 
why Sn in sample Pt,Sn-1 preferably migrates from the 
metal particles to the support surface during reduction (cfr. 
Figure 11).  
The presence of Pt could influence the red-ox behav-
iour of Sn. Safonova et al. recently studied reduction of 
SnO2 thin films with or without metal dopage (M = Pt, Pd, 
Cu, Ni) in 1%H2/N2 mixtures. Pt and Pd showed similar 
effects, but only the Pd-doped system was studied in detail. 
Only a minor shift (<0.15 eV) in the Sn 3d5/2 peak of the 
XPS spectrum was observed after annealing Pd-doped 
SnO2 in 1%H2/N2 at 380°C for 4 hours compared to the 
same treatment in O2 [58], in line with our results. 
 
 
3.2.4. Influence on catalytic properties 
 
The catalytic test results in Figure 3 show two effects 
of repeated test-regeneration cycles: The initial activity 
after regeneration increases, while the stability within one 
test cycle decreases. The results in Figure 11 indicate that 
Sn migrates to the support surface during reduction be-
tween the test cycles. This result suggests that the initial 
activity increase observed from cycle 1 to cycle 3 is related 
to an increased Pt concentration at the metal particle sur-
face, due to migration of Sn to the support surface. Deacti-
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vation within each test cycle could either be due to coke 
formation or to metal particle sintering. The results in Fig-
ure 13 which indicate that Pt dispersion is stable with time 
on stream, strongly suggest that particle sintering is not 
responsible for the observed deactivation within test cycles 
1-3. The increasing deactivation rate within each test cycle 
with TOS can therefore be correlated to a change in catalyst 
selectivity from ethene to carbon deposits. In situ XPS 
measurements of the C 1s peak performed during activation 
treatment did not reveal carbon deposits on the catalyst 
surface after first oxidation. The only carbon peaks visible 
were due to CO2 and ethane/ethene present in the gas phase 
under reaction conditions. It is well documented in litera-
ture that Sn promotion of Pt catalysts leads to less carbon 
deposition (see e.g. [17,21,24]); however, there is contro-
versy about the reason for this selectivity change. Stagg et 
al. recently suggested that a basic support material, such as 
ZrO2, may contribute to the stability of Pt,Sn catalysts by 
providing oxygen to the metal, thereby promoting oxidation 
of coke deposits. Migration of Sn from Pt,Sn metal parti-
cles would lead to coverage of the basic sites on the ZrO2 
surface, thereby reducing the stability of the catalyst [17]. 
Other groups have suggested that a change in the electronic 
properties of the Pt metal [22,59,60], or in the Pt cluster 
size [60], or even unmasking of specific sites [61], may 
contribute to a change in the reaction selectivity of metal 
catalysts. However, we are presently not in position to dis-
tinguish between these alternative explanations for the cata-





The results obtained in the present study contribute 
to a detailed understanding of the Pt,Sn/Mg(Al)O catalyst 
system, which has shown excellent properties as a light 
alkane dehydrogenation catalyst. We have performed in 
situ XPS measurements of Pt,(Sn)/Mg(Al)O catalysts under 
constant gas flow and at temperatures close to those used in 
ethane dehydrogenation. Our measurements indicate that 
Al and Mg are evenly distributed in the crystallites of the 
mixed oxide used as carrier material. In Pt/Mg(Al)O cata-
lysts, reduced Pt is present under all conditions. A 
Pt,Sn/Mg(Al)O catalyst was studied throughout several 
test-regeneration cycles. The measurements indicate that tin 
is initially located in defined clusters on the sample surface. 
During activation treatment (predominantly under reduc-
tion conditions), tin gradually spreads from the clusters, 
covering an increasing fraction of the Mg(Al)O surface. 
The majority of Sn is present in an oxidised state under all 
conditions. A PtSn2 alloy was studied separately. The PtSn2 
alloy showed surface enrichment in Sn under reduction and 
reaction conditions. The majority of Sn on the surface of 
the PtSn2 alloy is in an oxidised state under all conditions, 
while the remainder is alloyed with Pt. Pt is present in the 
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